The quantum fluctuations about a uniform chromoelectric field confined to a cylin-"drical region are computed. The effective Lagrangian determined from this procedure yields the following interesting results: (1) The chromoelectrie flux contained in this region must be less than a calculable critical value to preclude the existence of un--stable fluctuation modes which would render the calculation ill-defined. (2) At a flux below this critical value, the fluctuations tend to make it energetically favorable for the flux tube to collapse upon itself. (3) Making analogies between this chromoelectric flux tube model and physical hadronic strings, we estimate that the string of flux in a physical Q& hadronic system is well within the region of stability. However, if the quark charges are increased by a factor of roughly three, the string would become unstable by the above mechanism. This is given as an argument against the existence of certain exotic quark states.
Introduction
The string picture of hadrons within the framework of quantum chromodynamics Thus, a stable configuration can be found for arbitrary chromoelectric flux in this classical picture. In this work, it will be shown how these naive classical expectations are changed when the quantum fluctuations about the uniform chromoelectric fields contained in the flux tube are incorporated. The specific model investigated is in the configuration of Fig. 1 where the uniform flux field is in the abelianized form
where Fpv corresponds to a constant chromoelectric field along the tube axis. The effective Lagrangian (and thus the energy density) for the region inside the tube will be computed to one loop in the quantum fluctuations. This calculation is similar to previous computations of the fluctuations about uniform fields in QCD,4 but the difference here is that the fluctuations must also satisfy the boundary condition that they vanish beyond the interior of the tube. The determination of this effective Lagrangian yields the following interesting results:
a-1. The chromoelectric flux must be less than a calculable critical value, +c, to preclude the existence of unstable fluctuation modes which would render the calculation meaningless.
2. At a flux below this critical value there is an interesting phenomenon. The quantum fluctuations tend to make it energetically favorable for the flux tube to collapse upon itself, eliminating the existence of a stable finite radius.
3. Using the linear potential inferred from heavy quarkonium spectroscopy,5 estimates of the flux contained in a physical quark-antiquark string can be made.
This flux strength is well within the stability region of this calculation, however if the quark charges were increased by a factor of -3 our estimates would imply flux tube collapse. This may be an argument against the existence of some exotic multi-quark states.
In Section 2 of this paper, we compute the unrenormalized effective Lagrangian for the region inside the flux tube. The expression obtained is renormalized and simplified in Section 3, and the implications for tube stability are given in Section 4. In Section .--.m 5, some physical estimates are made. Finally, Section 6 contains a discussion of the results and approximations made, as well as concluding remarks.
Effective Lagrangian Inside the Flux Tube
To compute the effective Lagrangian for the region inside the flux tube, the quantum gluon fluctuations about the uniform chromoelectric field in the tube interior must be calculated. For simplicity we will restrict ourselves to the gauge theory of SU (2), and we perform the analysis of the fluctuations in Euclidean space using the fact that the Euclidean functional integral is a legitimate representation of physical amplitudes defined in Minkowski space. 6 The explicit connection between the effective Lagrangian, Lgf, and the functional integral is The configuration we will study is an abelianized uniform chromoelectric field inside the tube of Fig. 1 , with spatial direction parallel to the tube axis. where the index "II" denotes the spatial direction parallel to the tube axis, and E is the magnitude of the chromoelectric field.
The functional integral will be analyzed in the region of the field configuration of The one loop approximation will be used in computing the effective Lagrangian from Eq. (2.6). This corresponds to retaining only the terms quadratic in b, in the exponent.
Note that in order for the one loop computation to make any sense / d4z b;(r) 6;; b;(z) < 0 , (2.7) where the integral extends over the cylinder of Fig. 1 .
Formally, the Gaussian integration over the bt fields of Eq. This expression appears divergent for s -+ 0, but this is the normal ultraviolet singularity removed by standard renormalization as will be shown in the next section.
However, there potentially exists a serious infra-red divergence at .Y -+ 00 in Eq. (2.22) for certain values of E and R. More specifically, for large s, the integrand of Eq. (2.22) abecomes
This means the integral is divergent [corresponding to unstable modes with eigenvalues which violate Eq. (2.7)] un ess the chromoelectric flux satisfies the condition 1
where 4 z g(rR2)E. Condition (2.23b) is just the point made in the introduction that the flux must be less than a critical value for the fluctuation calculation to be well defined. Here we see that the critical flux is given by 4 < tic = r& , (2.23~) and 4 must always satisfy this condition.
Renormalization and Simplifkation
The expression for L, eff, Eq. The contribution from the quantum fluctuations is proportional to the sum over m and n of ,fmn(d). W e recall from Appendix B that the series is rapidly convergent, and -m thus can perhaps be approximated by the first one or two terms. This is verified in interpretation of this phenomenon is that the outward pressure which was necessary to sustain a finite radius, becomes an inward pressure forcing the flux tube to collapse upon itself for sufficiently strong chromoelectric flux fields. This interpretation will be discussed more in Section 6.
Physical Estimates
In the last section it was shown that if the magnitude of the chromoelectric flux contained in a cylindrical region comes sufficiently close to a critical value, the flux tube will collapse due to the effects of its quantum fluctuations. In this section, it will be assumed that ordinary heavy quark-antiquark (Q&) states can be described as flux tubes (see Fig. 3 ), and the tube parameters estimated from relevant data. These tube parameters will then be employed in the formalism of the previous sections, and interpreted where possible.
The linear potential determined from heavy quarkonium spectroscopy has the form5 V(r) = tcr , (54 where K is determined to be roughly .15 GeV2. If it is assumed that the linear potential is generated by a tube of conserved chromoelectric flux between the QQ pair, the potential would have the form The magnitude of fur can be determined from Fig. 2 for this value of $ (4 = .367x&).
It is interesting to note that fol at this value is -.02, which implies that the one loop quantum fluctuations change the outward pressure of this physical flux tube by --a term -.02a, compared to the leading order of one. It appears in this crude model of meson flux tubes that the quantum fluctuations are very small for the physically implied parameters.
Another interesting feature of this analysis is that although the quantum corrections to the physical Q & flux tube are extremely small, if the flux (quark charge) were increased by a factor of less than 3, the critical flux strength would be approached, giving extremely large destabilizing quantum corrections. This is the origin of the argument that perhaps some exotic quark states could be ruled out in this picture.
More specifically, if instead of a Q& state, the analysis was performed for a (3&) (3$) state where the charges are additive, the conserved flux would be increased toward the C$ -1 (7~;~) region. In this situation, the quantum fluctuations as given by fol become large, and the flux tube would collapse as described in the last section.
.?-It is important to note that these physical estimates were made for the gauge group SU(2) rather than the physical group W(3). However, this has no effect on the qualitative conclusions, and very little effect on the numerical results. This can be 'easily seen by expanding the degrees of freedom in Eq. (2.10) to those of SU(3). This yields additional terms from fluctuations outside the SU(2) subgroup which couple more weakly to the chromoelectric field due to the magnitudes of the SU(3) structure constants. In Fig. 4 we plot the magnitude of these corrections to f&(4) that come from expanding the gauge group to SU (3) . Th e corrections are small over the entire allowable region of 4.
Summary and Conclusions
In this work, the one loop effective Lagrangian for a tube of uniform chromoelectric flux has been analyzed. It was first noted that the calculation could only be performed for a flux magnitude, 4, less than a critical value due to the existence of ill-defined --unstable modes. However, within this well-behaved region there exist some interesting implications.
We found that for small 4 the quantum fluctuation corrections are
small, but increase rapidly and become very large as the critical flux magnitude is approached. The physical manifestation of these large fluctuations is that the classical outward pressure of a confined flux of chromoelectric field strength changes sign for sufficiently large flux field strength, causing the tube to tend to collapse on itself. It is then shown that when this model is applied to physical Q& meson states, the meson states are well within the region where the quantum fluctuations are small. However, if the physical meson states had their color charge increased by a factor of -3, the flux tube states would tend to collapse on themselves via the above mechanism. This is used as an argument against the existence of certain exotic multiquark states.
It must be remembered that there are two major caveats in the above picture: (1) ,The restriction to one loop in the quantum fluctuations is not justified in the region 4 -+ tic where the fluctuations are becoming extremely large. The only rigorous statement that can be made is that as the tube flux becomes larger, the outward pressure _ -:is very rapidly decreasing (going against one's classical intuition). However, the one loop approximation is perhaps not adequate to prove that the sign of the pressure changes. (2) The computation is precise for a confined tube of uniform abelianized chromoelectric flux, but this is at best a crude model of physical mesons. The boundary conditions imposed are similar to those of a rigid bag model, and no attempt is made to incorporate boundary fluctuations.
Even with these reservations, the qualitative behavior of this idealized cylinder of chromoelectric flux may lend some insight into the physics of hadronic strings.
Appendix A
Here it will be shown that the renormalization conditions used in Section 3, Eq. X exp(-*) .
In the limit R -+ 0, the exponential factor strongly damps the integrand for finite s.
Thus, expanding the rest of the integrand about s = 0, integrating, and taking the R --+ 0 limit yields '--.s,
